Abstract Adenosine is an important molecule that exerts control on the immune system, by signaling through receptors lying on the surface of immune cells. This nucleotide is produced, in part, by the action of the ectoenzymes CD39 and CD73. Interestingly, these proteins are expressed on the cell surface of regulatory T-cells (Tregs) and mesenchymal stromal cells (MSCs)-two cell populations that have emerged as potential therapeutic tools in the field of cell therapy. In fact, the production of adenosine constitutes a mechanism used by both cell types to control the immune response. Recently, great scientific progress was obtained regarding the role of adenosine in the inflammatory environment. In this context, the present review focuses on the advances related to the impact of adenosine production over the immune modulatory activity of Tregs and MSCs, and how this nucleotide controls the biological functions of these cells. Finally, we mention the main challenges and hurdles to bring such molecule to clinical settings.
Introduction
Adenosine is a purine nucleoside found in virtually every cell of the human body. It mediates important signaling, which has been involved in several biological events, ranging from cell energy metabolism to complex and multicellular events, such as cardiovascular ischemia-reperfusion response. In fact, adenosine has been used clinically since the 1940s for cardiac protection and vasodilation [1] .
Adenosine's role in the immune response control has been described in the past years, but since then, its fullest potential remains to be fully grasped. Indirectly explored by current drugs, such as methotrexate and caffeine, adenosine is still far from its greatest clinical potential, due to lack of knowledge, as well as to some great challenges that still lie ahead. For instance, the existence of different adenosine receptors present in most tissues at different proportions and associated to different biological effects poses the risk of important side effects, when it comes to systemic therapy using adenosinebased drugs.
In the present review, we go through adenosine's basic features, such as adenosine formation, clearance, receptors, signaling, and biological effects, giving a major focus on the immunological aspects of such molecule. We then discuss recent observations, which indicate that adenosine signaling, a long known immunomodulation strategy used by cancer and regulatory T-cells (Tregs), is also explored by a new player in the immunological field: the mesenchymal stromal cells (MSCs). Besides reviewing how this novel MSC immunomodulation tool came to light, we quickly review adenosine's clinical path, as well as the major hurdles still limiting adenosine's druggability.
Finally, we end our discussion defending a provocative hypothesis, in which we suggest that cell therapy may be adenosine's major potential to reach the clinic for the treatment of immunological disorders, since such biological entities, which could include Tregs or MSCs, will guarantee local, fine-tuned, and biologically relevant adenosine production, being effective in grasping adenosine's immunomodulation potential, without provoking the already described and daunting side effects.
Extracellular adenosine production and adenosine signaling
Adenosine is an important molecule for mediating several biologic functions, such as nucleotide biosynthesis and cellular energy metabolism, in addition to acting in the control of immune response. In the extracellular space, adenosine is mainly produced through adenosine 5′-triphosphate (ATP) dephosphorylation by two ectonucleotidases-ectonucleoside triphosphate diphosphohydrolase 1 (CD39) and ecto-5-nucleotidase (CD73). In this process, CD39 hydrolyzes ATP and ADP to AMP, whereas CD73 converts AMP into adenosine. It is worth mentioning that while CD39 activity can be reversed by NDP kinase and adenylate kinase, the activity of CD73 constitutes an irreversible step that culminates in the adenosine generation [2] . Once produced, adenosine exerts its influence on several physiological/pathophysiological processes through signaling of specific receptors, as mentioned below. Adenosine concentration in the extracellular space is maintained at low levels by its degradation, being that the main mechanism of adenosine clearance consists of its deamination to inosine by adenosine deaminase (ADA) [3, 4] .
In situations of tissue injury, adenosine production becomes more pronounced due to ATP release from the cells and, once produced, acts as signaling molecules by binding to purinergic transmembrane receptors localized on target cell surfaces, namely adenosine receptors A1 (A1AR), A2A (A2AAR), A2B (A2BAR), and A3 (A3AR) [5] . It is well known that after binding to any of these receptors, adenosine modulation of cell functions will be determined by the inhibition or stimulation of adenylyl cyclase and consequently decrease or increase of intracellular cyclic adenosine monophosphate (cAMP) concentrations [6] . In this sense, there are two different groups of adenosine receptors: A1AR and A3AR, which act by decreasing cAMP levels, and A2AAR and A2BAR, which are able to increase cAMP concentrations.
Therefore, the rationale behind adenosine-mediated immunosuppressive mechanism relies on the fact that ATP has dual roles in cellular physiology, depending on its location. If on one side, intracellular ATP is the main energy unit for cellular energy requiring process, and reaches millimolar concentrations in the cytoplasm, on the other, extracellular ATP is a powerful signaling molecule, performing important signaling function, despite maximal concentrations reaching only low nanomolars [7] . Released by damaged or stressed cells, extracellular ATP acts as a danger signal and induces inflammasome activation, as well as the release of inflammatory cytokines, being strong pro-inflammatory stimuli. Extracellular ATP also promotes phagocyte chemotaxis and leads to damaged cell clearance, as beautifully revised by Corriden and Insel [8] . Accumulated extracellular ATP gradually suffers enzymatic hydrolysis into adenosine, which, in turn, is read as a Breporter of excessive tissue damage,^as shown by Bono et al. [9] As such, adenosine signaling is interpreted as an anti-inflammatory stimulus, generally opposing the effects induced by ATP. Interestingly, ATP may also be released by immune cells upon activation [7] and promotes immunological response fine-tuning.
Adenosine receptors-a brief overview
The expression of adenosine receptors is not homogenous among different tissues, varying according to each cell type. A1AR has high affinity for adenosine and is the most abundant adenosine receptor in the brain, where it modulates several adenosine-induced effects, such as neuronal excitability and synaptic transmission [9, 10] . In addition, pulmonary [11] , cardiac [12] , hepatic [13] , and renal [14] inflammatory models have been explored to demonstrate that A1AR signaling leads to anti-inflammatory effects. According to these studies, besides controlling inflammation, A1AR signaling also regulates polymorphonuclear cell trafficking and constitutes a key process for cytoprotection control. Furthermore, it has been demonstrated that adenosine appears to influence vesicular MHC class I cross-presentation by resting dendritic cells through A1AR signaling [15] . Underscoring A1AR importance, it has been demonstrated recently that the loss of A1AR expression on pancreatic α-cells may be involved on type 1 diabetes pathology [16] .
A2AAR can be found in the brain [17] , ventricular myocytes [18] , endothelial cells [19] , carotid body [20] , and immune cells [20, 21] , among other tissues. With such a wide distribution, A2AAR has been linked to several processes, including protection against ischemia-reperfusion injury [22] , coronary vasodilatation [23] , sleep regulation [24] , control of inflammation [21] , citing but a few biological events related to such receptor. Regarding the immune system, A2AAR signaling influences a myriad of events, including dendritic cell maturation [25] ; inhibition of neutrophil phagocytosis and adhesion [26, 27] ; suppression of proinflammatory response of macrophages [28] ; inhibition of inflammatory cytokine production by lymphocytes [29] , control of CD8 Tcells cytotoxicity; and modulation of Treg function [30, 31] . Recently, it has also been demonstrated that deletion of A2AAR in mice models causes a decline in the number of naive T-cells in the periphery. Finally, A2AAR signaling appears to prevent IL-7R downregulation after TCR stimulation, increasing naive T-cells survival [32] .
In contrast to the activation of A1AR, A2AAR, and A3AR that occurs in physiological conditions with EC50 values between 10 nM and 1 μM, A2BAR activation requires higher adenosine concentrations, exceeding 10 μM, which happens mostly during pathophysiological conditions, such as hypoxia, inflammation, and ischemia [33] . So far, the presence of A2BAR has been detected in lymphocytes [34] , neutrophils [35] , mast cells [36] , dendritic cells [37] , endothelial cells [38] , fibroblasts [39] , and epithelia [40] . Accumulating evidence suggests an important role of A2BAR receptor in the cited cells. For instance, the presence of A2BAR on vascular endothelium appears to be crucial for the maintenance of vascular tonus, since A2BAR activation contributes to the relaxation of aorta through NO production [41] . Moreover, signaling of A2BAR appears to be an important protection mechanism against vascular injuries [42] . It is well known that the inflammatory milieu leads to increased adenosine levels, as well as A2BAR expression. In part, the expression of A2BAR occurs in response to some components present at the inflammatory environment, such as lipopolysaccharide (LPS) and the inflammatory cytokines TNF-α, IL-1β, and IFN-γ [43] . Interestingly, studies conducted in animal models have shown that A2BAR can mediate anti-inflammatory and proinflammatory effects. In mouse models of type 2 diabetes, the increased expression of A2BAR elevates the production of proinflammatory mediators, such as IL-6 and C-reactive protein (CRP) [44] . Likewise, in a study using a mouse model of allergen-induced chronic airway inflammation, the genetic removal of A2BAR inhibited allergen-induced chronic pulmonary inflammation. In contrast, others showed a protective role to A2BAR in inflammatory scenery. A study performed with a mice model of lung injury demonstrated that the use of an A2BAR antagonist enhances pulmonary inflammation, while the use of an A2BAR agonist attenuates the pulmonary inflammation [45] . The conflicting data on A2BAR's role in inflammatory pulmonary injury allows suggesting that A2BAR function varies according to the phase of disease. Supporting such claim, it was shown that, in a mice model of acute and chronic injury induced by bleomycin, A2BAR exerts an anti-inflammatory role during the acute phase of injury, while inducing fibrosis in the chronic period of this disease [46] . In this line, it has been discussed that in acute injuries, the adenosine response to hypoxic conditions promotes the restoration of normal levels of oxygen and dampens inflammation, promoting tissue adaptation. In contrast, when the elevated levels of adenosine remains beyond the acute phase of the injury, the hypoxic adenosine response changes into tissue injury and fibrosis. Finally, it is important to emphasize that this observation is not limited to the lungs but seems to occur in several other tissues [47] .
A3AR can be found, both in humans and rodents, in several tissues, such as the lungs, liver, testis, kidneys, heart, brain, spleen, and placenta. This receptor can also be detected in immune cells, including eosinophils, neutrophils, monocytes, dendritic cells, and lymphocytes. Additionally, A3AR has been described as a cancer marker due to its expression on the colon, breast, lung, pancreatic, and hepatocellular carcinoma. In addition, high levels of this receptor are present in leukemia, lymphoma, and melanoma cells [48, 49] . Although the expression of A3AR is low in the myocardium, this receptor is involved in several effects on this tissue, which may be cytoprotective or cytotoxic, depending on the level of receptor activation. Protective effects include the reduction of infarct size and inhibition of apoptosis and necrosis [50] . A3AR signaling leads to a strong anti-inflammatory effect mediated mainly by the inhibition of proinflammatory cytokines (TNF-α, IL-1, IL-6, and IL-12) and induction of apoptosis, both processes being mediated by the deregulation of the NF-kB signaling pathway [51, 52] .
As mentioned above, adenosine receptors are widely distributed in various tissues and have been associated with many pathophysiological alterations. Therefore, the modulation of these receptors constitutes a promising therapeutic strategy in several contexts. Furthermore, the presence of adenosine receptors in, virtually, all immune cells, underscores the importance of this nucleotide in the control of the immune and inflammatory response. Below, we discuss the involvement of the signaling promoted by adenosine on the functions of two cells that have emerged with great potential for cell therapy: Tregs and MSCs.
Regulatory T-cells
Tregs are T lymphocytes with immunomodulatory function, which can be generated during the course of T-cell development in the thymus (thymic Tregs or natural occurring Tregs (nTregs)), or produced in peripheral sites (peripheral Tregs (pTregs)). Alternatively, upon certain conditions, it is possible to induce Treg generation in vitro (iTregs) [53] . nTregs migrate from the thymus to the periphery, where they represent a small population of ∼5-10 % of peripheral CD4+ T-cells [54] . Even though there is no consensus regarding the markers to distinguish nTregs and pTregs, it is believed that at peripheral sites lies a mixture of these two cell populations [55] . The low number of Tregs that can be obtained in the peripheral blood and the great therapeutic potential of these cells led to the search for alternative methods focused on the generation and expansion of Tregs. The first evidence that it is indeed possible to generate Tregs in vitro occurred in 2001, when Yamagiwa et al. [56] showed that TGF-β induces the differentiation of naive T-cells obtained from peripheral blood into iTregs with phenotype and suppressive capacity similar to nTregs. Importantly, iTregs can be expanded in vitro by IL-2, a cytokine that is also paramount to the generation of iTregs from naive T-cells [57] . Another important component in this scenario is the all-trans-retinoic acid (ATRA), which, in the presence of TGF-β, converts naive T-cells into Tregs with a more stable expression of FOXP3 and higher suppressive potential, compared to iTregs generated in the absence of ATRA [58, 59] .
Interestingly, during MSC-mediated immunosuppression of T-cells, the former act through cell-cell interaction, producing soluble factors with anti-inflammatory function and generating Tregs [60] . Indeed, MSCs are able to generate Tregs, in part, by the secretion of TGF-β and by promoting Treg expansion [61, 62] . Also, it was reported that rapamycin, an inhibitor of mTOR signaling, promotes the expansion of Tregs obtained from peripheral blood, regardless if used solely or in combination with ATRA [63, 64] . Not only rapamycin was effective in promoting Treg expansion but also in leading to iTreg generation and expansion, when combined with IL-2 [65] . In this sense, recently, it was shown that miR-15b/16 enhances the induction of iTregs by inhibition of mTOR signaling pathway [66] . Similarly, mTOR signaling is also repressed by miR-99a and miR-150, which enhance iTreg differentiation [67] .
In recent years, several researchers have sought for additional markers that characterize Tregs. Since FOXP3 is an intracellular marker, the description of cell surface markers has important practical and conceptual implications. For instance, CD39 and CD73 were shown to be effective markers of Foxp3+ Tregs and have been increasingly used to isolate Tregs [68, 69] . Moving beyond Treg identification, the possibility of stratification of different lymphocyte phenotypes capable of suppressing immune response is of interest since it would allow the purification of lymphocytes on the basis of specific surface markers and improve functional assays. In this line, it was demonstrated that CD4+CD25+FOXP3+ T-cells are not a completely homogeneous cell population, being that some subpopulations express T-cell immunoglobulin and mucin domain 3 (TIM-3), while CD4+CD25+FOXP3+TIM-3-subpopulation does not. Functionally, such subpopulations behave differently, being that the former is more efficient at inhibiting pathogenic Th1-cell responses, compared to the latter [70] . Another molecule associated with important biological observation is GITR, since in vitro studies revealed that such cell surface protein could be explored in order to obtain lymphocytes with suppressive function. In fact, both CD4+ CD25−GITR+ T-cells and CD4+CD25+GITR+ T-cells are anergic and able to suppress T-cell proliferation [71] .
It was also demonstrated that IL-7 receptor (CD127) is downregulated on T-cells and that the majority of these cells express FoxP3 and are immunosuppressive. In addition to the search for alternative markers for identifying lymphocytes with suppressive potential, other lymphocyte populations with different phenotypes compared to the classical Tregs, have been described, including CD8+ regulatory T-cells [72] , CD8+CD28− regulatory T-cells [73] , CD3+CD4−CD8− regulatory T-cells (double negative) [74] and CD8+CXCR3+ regulatory T-cells [75] . Contributing to this already complex scenario, it was also shown that other immune cells possess capacity to control the immune response, such as regulatory B-cells [76] and myeloid-derived suppressor cells [77] . Recently, the interaction between these regulatory cells with Tregs began to be explored, leading to the observation that both regulatory B-cells and myeloid-derived suppressor cells act converting CD4 T-cells into Tregs [78, 79] .
Several studies have been conducted in order to dissect the mechanisms used by Tregs to control the immune response, but such mechanisms still remain to be completely known. Pieces of evidence point to a key role of FOXP3 transcription factor in Treg-mediated immunosuppression, including the fact that CD4+CD25+FOXP3+ T-cells inhibit the development of autoimmune diseases caused by Treg depletion and the knowledge that the forced expression of the Foxp3 gene in naive T-cells converts them into Treg-like cells, able to promote immunosuppressive functions both in vivo and in vitro [80] . It has been shown that FOXP3 binds to ∼700 genes and acts as both transcriptional activator and repressor, a central mechanism for Treg-related processes, such as survival, proliferation, and suppressive potential [81] .
It is well established that Tregs act to suppress the immune response by cell-cell contact and by the production of soluble factors, such as IL-10 [82] [83] [84] . Interestingly, it was demonstrated that IL-10 potentiates the generation of iTregs and mediates their suppressive function when in presence of TGF-β [85] . In this sense, it is relevant to mention that IL-10 and TGF-β also act cooperatively in other contexts. In fact, it has been described that the production of these factors is controlled by negative feedback regulatory effects that each cytokine has each other [86] . Still with respect to IL-10, another important mechanism involving this interleukin was revealed through the demonstration that Tregs induces longlasting anergy and production of IL-10 in CD4 T-cells, which then proceeds to suppress the proliferation of syngenic CD4 Tcells via IL-10, independently of direct cell-cell contact, perpetuating the loop that sustains Treg activity [87] . Beyond IL-10, other interleukins appear to play essential roles on Tregmediated immunossupression. In 2007, IL-35, a member of IL-12 family, was identified in mice as an inhibitory cytokine produced by Tregs which are involved in their suppressive function [88] . Recently, it was shown that Tregs obtained from human peripheral blood produce IL-37 to cause T-cell immunosuppression [89] . Studies performed in mice point to an additional mechanism of immune modulation by Tregs, consisting in the secretion of microvesicles. Considering that Jurkat CD4 T-cells produce exosomes containing molecules with potential immunosuppressive role, it is reasonable to assume that human Tregs may also secrete microvesicles with suppressive function [90] .
In contrast to the role of other cytokines, the role of TGF-β as an exclusive Treg mechanism to mediate immunosuppression is still under debate. Available evidence pointing toward an important role of TGF-β in the regulation of Treg function, both in mice and human [91] [92] [93] . In stark contrast, others have not found a central role of TGF-β in the suppression promoted by Tregs [94, 95] .
Finally, the control of immune response by Tregs may be promoted by cell-cell contact, as demonstrated by perforindependent cytotoxicity against activated CD4 and CD8 Tcells, utilizing the adhesive molecule CD18 and causing target-cell death [96] .
Overall, it is possible to conclude that in recent years, remarkable progress has been made about the Treg biology. From the several studies presented above, it is clear that human Tregs correspond to a heterogenic population both with regard to their phenotype and to their adopted strategies to control the immune response. Furthermore, despite the fact that Treg immunoregulatory mechanisms are not completely known, several data indicate that FOXP3 acts in a network of binding partners, controlling not only the suppressive potential of Tregs but also other physiological functions of these cells. Concerning clinical use, efforts should be made with the objective of discovering induction methods to generate Tregs able to maintain their suppressive functions at different stages of inflammation. These findings will be useful in order to promote amelioration of various immunological disorders.
Regulatory T-cells and adenosine
As discussed above, the ectonucleotidases CD39 and CD73 are two surface proteins that act by promoting adenosine accumulation outside the cell. The adenosine in the extracellular space can bind to both A2AAR and A2BAR and promote an increase in cAMP concentration, leading to a powerful inhibitory effect over immune response [6] . The expression of CD39 and CD73 has been demonstrated in both mice and human Tregs in different levels [97, 98] . These cells expressed functional ectoenzymes that led to adenosine production [31] , as well as inhibition of cytokine production and proliferation of conventional T-cells. Interestingly, it was shown that, in humans, the expression of CD39 is proportional to FOXP3 levels [97, 99, 100] . Since then, as mentioned above, CD39 has been explored as a Tregs marker and a considerable overlap between the expression of this protein and of FOXP3 has been observed [98, 99] . The exploration of this receptor allows the isolation of T-cells with highly suppressive profile. Furthermore, the expression of CD39 efficiently discriminates suppressive T-cells from T-cells with Th17 potential [68, 98] .
Moving beyond the CD39/CD73 axis, another protein axis has been identified on the membrane of activated lymphocytes able to generate adenosine. This new adenosinergic axis is composed of the nucleotidemetabolizing ectoenzyme CD38, the ecto-nucleotide pyrophosphatase/phosphodiesterase 1 (NPP1, also known as CD203a) and CD73 [101] .
Interestingly, besides having alternative routes, the local production of adenosine may occur as a product of cooperation between different cell types present at any given site, but more specifically, in sites of inflammation. In this sense, it should be noted that endothelial cells express CD39 and CD73 on their surface and can be a source of adenosine [102] . Furthermore, it has recently been demonstrated both in mice and in humans that B-cells express CD39 and CD73, produce adenosine and inhibit T-cell proliferation [103, 104] . Likewise, CD56 bright CD16
− NK-cells act as regulatory cells, generating adenosine through a CD38-mediated pathway and inhibiting T-cell proliferation [105] . Underscoring adenosine's omnipresence, CD39 and/or CD73 can be carried to the periphery by microvesicles and support adenosine production far away from their producing cells. Initially, CD39+/CD73+ microvesicles were discovered in different cancer cell types and were actually shown to be able to suppress T-cell function through adenosine production [106] . Contributing to this body of evidence, it was demonstrated that CD4+CD39+Tregs act in cooperation with CD73-expressing-exossomes or with other lymphocytes expressing CD73 to mediate ADO-driven immune suppression [107] . Taken together, these studies clearly build a complex scenario in which adenosine production is the final product of a range of possible dynamic processes that include Tregs, as well as cooperative arrangements between different cell types and membrane-bound vesicles.
As previously commented, adenosine receptors are widely and differentially expressed in immune cells including lymphocytes, macrophages, dendritic cells, and granulocytes; thus, the adenosine produced by Tregs exerts effects on several players of the immune response. In this sense, the suppressive effects of adenosine are largely mediated through A2AAR and A2BAR signaling in immune cells, with a consequent upregulation of cAMP. Indeed, T-cells express high levels of A2AAR, and the use of A2AAR antagonist blocked Treg-mediated immunosuppression [31, 108] . In spite of many papers describing the induction of cAMP due to adenosine-related mechanisms, it is important to note that the accumulation of cAMP on target cells also may also be a consequence of PGE2 production by Tregs [109] .
The extension of adenosine action includes NK-cells, which under the influence of adenosine binding to A2AAR, diminish their cytotoxic activity [110] . Also under the influence of adenosine lies dendritic cells, which are recruited in the early phases of immune response, but end up with low expression of costimulatory molecules, due to adenosinemediated signaling [111] . In this scenario, it was recently demonstrated that adenosine produced by Tregs act as a chemotactic factor and attracts dendritic cells, promoting a cluster among these cells and affecting dendritic cell functions [112] .
A previous study showed that adenosine enhances CD73 expression on endothelial cells [113] , which can confer to this cells enhanced capacity to generate adenosine. In addition, the use of A2AAR agonist in coculture of allogenic lymphocytes inhibits the activation of cytotoxic effector T-cells and leads to Treg expansion. More importantly, the signaling of A2AAR on Tregs by agonists increases the expression of CTLA-4 and enhances suppressive capacity [114] . Similarly, murine model experiments revealed that A2BAR activation by agonists leads to Treg expansion. Notably, this study showed that A2BAR-deficient mice failed to induce Tregs in the context of inflammation [115] . Overall, these studies clearly show that adenosine acts over several players of the immunological response, promoting direct immune regulation, subject to a feed-forward loop, in addition to the modulation of adenosine production competent cells, which end up reinforcing its suppressive effects.
Mesenchymal stem cells
MSCs were first identified by Friedenstein et al. over 40 years ago in the bone marrow of mice [116] . Described as Bspindleshaped,^Bclonogenic^in monolayer cultures and able to generate Bcolony-forming unit fibroblasts^(CFU-Fs) when plated in specific densities, these bone marrow-derived stromal cells were able to differentiate into adipocytes, chondrocytes, and osteocytes, both in vitro and after transfer in vivo. Succeeding Friedenstein's seminal work, several research groups continued to investigate such cell population, mainly in the context of regenerative medicine and stem cell biology. In fact, this bone marrow-derived stromal cells was later classified as stem cells and named Bmesenchymal stem cells^by Caplan et al. [117] , due to their capacity of self-renewal and multipotent differentiation.
The investigation of MSCs by several groups resulted in the identification of similar cell populations in virtually all human tissues, e.g., adipose tissue [118] , skin [119] , synovia [120] , umbilical cord [121] , and lungs [122] . As a definition, all MSC populations present the following functional and phenotypic properties: (i) plastic adherence; (ii) specific phenotypic profile consisting of over 95 % of positivity for CD105, CD73, and CD90, as measured by flow cytometry, as well as lack of expression (<2 %) of markers of other cell populations, namely CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA class II; and (iii) trilineage mesenchymal differentiation capacity as shown by in vitro differentiation into osteoblasts, adipocytes, and chondroblasts under standard conditions. Evidence suggests a perivascular localization of MSCs, justifying their broad distribution throughout the body [123, 124] , as well as a function in tissue regeneration and homeostasis, by providing new cells for tissue repair and potentially contributing to immune system regulation.
Currently, over 2000 clinical trials have been performed using bone marrow stem cells to investigate their potential beneficial effects on diseases such as myocardial infarction and other chronic cardiomyopathies, musculoskeletal lesions, stroke, type I diabetes mellitus, autoimmune diseases, metabolic diseases, among others (clinicaltrials.gov). Achieved results in each of such conditions are not the scope of this review and may be revised elsewhere [125] [126] [127] [128] [129] [130] .
Data from preclinical and clinical trials show that MSCs promote regeneration by inducing angiogenesis, decreasing fibrosis, promoting chemoattraction of specific cell types, and modulating the immune system [131, 132] . Still, clinical data reveals that MSCs are far from reaching their full regenerative potential, since much of the success reported in preclinical studies was not repeated in humans. Recent attempts to boost MSC therapy involve MSC priming prior to injection both as proof of concept (PoC) as well as in clinical trials ( [133, 134] NCT00322101 has results but has not been published by the time of this publication).
In contrast to most attempts of applying MSCs to promote tissue regeneration-which have led mostly to inconsistent beneficial results-significant data has been acquired following MSC therapy in immunologic diseases. Surprisingly, the evolution from PoC, obtained from in vitro and in vivo assays, to clinical investigation of immunomodulatory properties of MSCs in humans occurred in a very short time frame. In 2002, Di Nicola et al. [135] observed that MSCs inhibited T-cell activation (measured as proliferation upon stimuli) in vitro, and Bartholomew et al. [136] described that MSCs prolonged skin graft survival in vivo by, among others, affecting T-cell action. In 2004, Le Blanc et al. [137] published data on MSC treatment of a grade IV acute graft-versus-host disease (GVHD) patient, including 1-year follow-up. Le Blanc's paper is considered a mainstay in the field due to the significance and consistency of their observations [137, 138] . Le Blanc's work paved the way for the characterization of the broad immunoregulatory properties of MSCs. Apart from a failure in the phase III trial of an industrial application of MSCs in the treatment to GVHD [139, 140] , in 2012, the first product based on MSCs in the world aiming to treat GVHD was approved for commercialization [141] .
The discovery of MSC immunomodulatory activities was empirical, and the mechanisms by which they unfold are yet to be fully understood. Among the most striking features of MSC-mediated immunomodulation, it is possible to cite the lack of immunogenicity of these cells provided, in part, by a low expression of HLA class I genes, no expression of HLA class II and inducible expression of CD274 (a.k.a. PDL1) [142, 143] . Of note, but still subject for debate, is the capability of MSCs to inhibit T-cell activation [144] , proliferation [135] , and to affect T-cell differentiation, favoring Th2 and Treg phenotypes by several mechanisms [145] [146] [147] [148] . Furthermore, not only MSCs affect dendritic cell recruitment, maturation, and function but also significantly reduce monocyte differentiation into the dendritic cell type [149] [150] [151] [152] [153] . Last but not least, MSCs alter the phenotype, proliferation, cytotoxic potential, and cytokine secretion of NK-cells [147, 154, 155] and decrease proliferation, differentiation, chemotactic properties of B-cells [156] [157] [158] [159] , acting over virtually all of the most important aspects of an immune response.
Gradually, increasing light is being shed on the mechanisms involved in MSC immunomodulation. Among some of the mechanisms already described to be involved in this scenario, there are known regulatory pathways, such as CTLA-4 and PD-1/PD-L1 pathways, the major negative coreceptor expressed on T-cells [160] . While PD-1-related mechanisms act mainly at later stages, CTLA-4 regulates Tcells activity in earlier stages of tumor growth. It is clear that binding to PD-1 receptor on T-cells inhibits their activation and IL-2 production, thus suppressing T-cell attack and inducing immune escape. Also, PD-1 pathway may lead to apoptosis of activated T-cells, facilitate T-cell anergy, decrease their proliferation, while enhancing Treg function [161] . Similar to tumor cells, placenta MSCs express PD-L1 and increase its expression in the presence of IFN-γ [162] . If PD-L1 is blocked, as shown in monoclonal antibody studies, MSC immunosuppression is compromised, underscoring PD-L1 participation in such context [162] . CTLA-4, in contrast to PD-L1, completely blocks costimulation by CD28 through its stronger affinity for B7 molecules. In dendritic cells, interaction between CTLA-4 and B7 molecules led to IDO expression [163] .
In addition to membrane-bound molecules, soluble factors have important role in MSC immunomodulation. In antibodyblocking experiments, Di Nicola and coworkers showed that TGF-β and hepatocyte growth factor (HGF) constitute important soluble molecules for T-cell activation, measured as proliferation upon stimuli [135] . Later, TGF-β has also been shown to be important for generation of Tregs [164] , as well as in affecting NK-cell proliferation [155] , constituting an important player in the MSC immunomodulation scenario. PGE2 is also described as an MSC immunomodulation effector molecule, as revealed in indomethacin inhibition of PGE2 models [165, 166] . It has been shown that PGE2 mediates inhibition of T-cell proliferation, Treg and monocyte differentiation, and NK proliferation/cytotoxic activity [167] . Another interesting mechanism of immunomodulation involves the exhaustion of tryptophan by the enzyme IDO. IDO catalyzes the conversion of tryptophan to kynurenine. In conditions in which substrate is exhausted and product builds up, T-cell proliferation is inhibited. By expressing this enzyme, MSCs promote consumption of tryptophan and compromise T-cell expansion [168, 169] . Another mechanism of MSC immunomodulation is composed of a feed-forward system in which IL-10 and human leukocyte antigen-G5 (HLA-G5) interact. The former induces the expression of the latter in MSCs and as a consequence, and HLA-G5 induces the expression of IL-10. Conflicting data shows that IL-10 may be secreted by MSCs or by T-cells but agrees on the contact dependence of such event [166, 170] .
MSCs and adenosine
Recently, an increasing body of evidence has been built leading to the suggestion that another new and exciting mechanism might also be used by MSCs in order to fine tune immune response: adenosine production. Such mechanism, initially suggested by the correlation between adenosine deaminase and immunodeficiency in 1975 [171] , was gradually confirmed in the cancer context [9, 172, 173] and also as a strategy used by Tregs [9, 174] .
Adding to adenosine's impressive omnipresence, recent evidence suggesting that MSCs might be using such a strategy to control immune reactions came from the observation made by our group, in which transcriptome analysis of T-cells being downactivated by MSCs revealed an increased expression of adenosine receptors [175] . Later, our group confirmed such observation by conducting functional experiments, in which T-cells were cocultured with MSCs once again. In this paper, we showed that, when in contact with T-cell-conditioned media, MSCs upregulate CD39 and increase adenosine levels. The fact that T-cells also express CD39 may not exclude the possibility of MSCs and T-cell cooperation for the production of adenosine, in which highly CD39 expressing activated Tcells may break ATP into ADP and then AMP, which is used by CD73 expressing MSCs to obtain adenosine. This hypothesis, first discussed by our group, has indeed been confirmed experimentally by Kerkelä et al. [176] , in 2016. Adding a parenthesis to this subject, CD39 expression by MSCs has been subject to conflicting observations [177] . In contrast to our observations [175] and others [178, 179] , some authors describe a lack or low CD39 expression by MSCs [176, 180] . In our view, this might be due to specific experiment design or to antibody variation. Despite the importance of CD39 in MSC biology and immunosuppression, such conflict is made less important physiologically, the fact being that, no matter if expressed by MSCs, T-cells, endothelial cells, or microvesicles, CD39 is present in the immunosuppressive milieu and contributes to adenosine-dependent MSC-induced immunomodulation.
Recently, MSCs were shown to induce NK-cells to express CD73 [180] . Since NK-cells already express CD39, which is kept in stable levels in the presence of MSCs, CD73 completes the adenosine framework, and in fact, NK-cells themselves end up producing adenosine and inactivating themselves [181] . Such event was also observed in Th-17 cells, which increased their CD39 and CD73 upon coculture with MSCs and had their activation suppressed by adenosinerelated mechanisms [179] .
Curiously, at the same time that adenosine-related mechanisms for MSCs immunosuppression are being described, the role of adenosine is also being deemed important for MSC biology and differentiation. In fact, MSCs possess all P1 receptors, with A2BAR predominating in undifferentiated cells and during osteoblastogenesis, inducing an osteogenic action and leading to the expression of osteoblast-related genes. Also of interest, adenosine participates in adult neurogenesis. For more information on adenosine importance for MSCs differentiation and neurogenesis, please refer to [182] .
Functional role of adenosine in the immunomodulatory arsenal of Tregs and MSCs
The functional role of adenosine for Treg and MSC immunomodulation is revealed by several investigations performed in vivo. Specifically for Tregs, adenosine role is underscored by several models of CD39 [183, 184] and CD73 knockdown/Ko/blockade [185, 186] , which compromise Treg function. Regarding the role of adenosine for MSC function, literature is still restricted. Nevertheless, the abrogation of MSC protective effects by CD73 inhibition [187] and blockage of A2AAR signaling [175] underscores the role of adenosine in MSC immunomodulation. In this sense, Amarnath et al. have also provided important evidence for adenosine role in MSC, by performing interesting experiments involving a GVHD mouse model followed by confirmation at the clinical scenario. In this important paper, Amarnath et al. used clinical grade MSCs and showed that such MSCs were effective in reversing the lethal mouse GVHD model, even though MSCs were only detected in the lungs of treated subjects. The observed immunomodulatory effect was shown to be importantly mediated by adenosinerelated mechanisms, as confirmed in a human clinical trial scenario, in which GVHD patients received MSCs. Authors support the adenosine participation in MSC clinical treatment, through the detection of increased circulating CD73+ microvesicles 1 day post-MSC infusion. Notably, the CD73+ microvesicles generated adenosine ex vivo. The data presented in the cited paper has valuable significance for the understanding of adenosine's action in vivo and promotes a reconciling view between the cell-cell contact dependent adenosine-mediated effects, with the observed paracrine effects of MSCs, which may be, at least in part, mediated by MSC-derived CD73+ microvesicles [188] .
It is beyond dispute that Tregs and MSCs may have important immunosuppressive roles in host immune response. As shown, adenosine is a tool used by both cell types to exert their effects over inflammatory cells. Curiously, though, the interaction between Tregs and MSCs has been poorly investigated so far, despite some pieces of evidence pointing at an important interplay between them, which could lead to potent inhibition of immune response. In fact, not only MSC influence Tregs directly, by inducing their formation and expansion, but also indirectly, by modulating antigen-presenting cells and inducing regulatory phenotypes [189] .
Interaction of Tregs and MSCs occurs mainly under inflammatory conditions. Traditionally, secretion of IDO, TGF-β, and PGE2 by MSCs promotes Treg induction, expansion, and activation, respectively. In this sense, cell-to-cell contact also seems to be important [189] . In the in vivo scenario, though, adenosine shows up as another important molecule produced by MSCs and Tregs, which influence the function of the latter. In a mice model of kidney ischemiareperfusion injury (IRI), adenosine activation to A2AAR induced the expression of PD-1 in Tregs and guaranteed their protective effect [190] . A2AAR is also important for dendritic cells, since the strategy of treating such cells with A2AAR agonist successfully resulted in protection of mice from kidney [190, 191] .
Recent papers reveal an impressive synergic potential of the association of Tregs and MSCs, being that the coinjection of both cell types in a mice model of GVHD resulted in accelerated proliferation of Th2 and Treg cells, associated with more effective control of Th1 and Th17 cells, compared to infusions of each cell type separately [192] . Interestingly, this effect may be mediated, in part, by a pro-survival effect of Tregs over coinjected MSC, as shown by Zhou et al. [193] . Clinical experience with the combination of Tregs and MSCs is required to obtain further evidence of their synergic potential.
Adenosine application in clinical practice-current trends and present challenges
It is widely recognized that modulating adenosine signaling pathway is an essential mechanism of action of several known drugs with important effects over the immune system, such as methotrexate [194] , phosphodiesterase inhibitor pentoxifylline (PTX) [195] , sulfasalazine [196] , and caffeine [197] . Despite obvious evidence that adenosine receptors are druggable, important hurdles remain to be overcome before new drugs acting over adenosine receptors reach clinical practice. For instance, an important failure in the clinical development of rolofyline, an A1AR antagonist, in acute heart failure, due to lack of efficacy and daunting side effects, including seizures and strokes [198] , underscores one of the greatest challenges in using adenosine signaling as therapeutic mechanism: its widespread distribution and the challenge of developing adenosine receptor agonists with tissue specificity. Adding another layer of complexity to the present scenario, the use of caffeine has not been properly controlled in most clinical trial.
In 2013, Chen et al. [1] reviewed several adenosine receptor agonists under clinical trial evaluation. Of those, only two trials were focused on immune-related diseases, namely psoriasis and rheumatoid arthritis. Both trials tested the CF101 compound, which is an A3AR agonist. Due to the fact that A3AR receptor has increased expression restricted to inflammatory cells, it constitutes a very interesting therapeutic target in such context and, in fact, has led to impressive data in a multicenter phase II study aiming at the treatment of rheumatoid arthritis, as reviewed by Fishman et al. [48] . CF101 has also contributed to progressive and linear improvement of psoriasis patients, as presented by Fishman et al. [48] . Such relative success has justified Can-Fite BioPharma Ltd. to plan further clinical trials with CF101 for 2016 (http://ir.canfite. com/press-releases/detail/745/can-fite-announces-2016-clinical-milestones-for-its-pipeline-of-drugs-in-sixindications). Of note, the specificity for A3AR receptor contributes to the decrease of undesired off-target effects, although at a cost of not mobilizing the other adenosine receptors, also important for immune modulation.
Complementing Chen's review [1] , a research on the term Badenosine^at clinicaltrials.gov resulted in 545 trials, 17 of those related to immunological diseases. The present search did not include noninterventional observations, diet modifications/caffeine infusion treatments, asthma, gene therapy, and basic studies, considered beyond the scope of the present review. Finally, terminated and withdrawn studies, involving GVHD studies of CF101, were removed from the search. Drugs under investigation by these studies included pentostatin, etanercept, mycophenolate mofetil, denileukin diftitox, methotrexate, CF101, alemtuzumab, sirolimus, cyclophosphamide, tacrolimus, pentoxifylline, adenosine, sodium prussiate, methylprednisolone, and dipyridamole. Most studies involved GVHD treatment and prevention and also endotoxemia, psoriasis, osteoarthrosis, inflammation, acute pancreatitis, advanced kidney cancer, sickle cell disease and B-thalassemia, rheumatoid arthritis, and arthritis. Therefore, at the moment, CF101 might be the current adenosine-related drug closest to reach the clinic with adenosine signaling as major mechanism of action. The next years will enlighten us, revealing if this silver bullet will be as effective as some expect.
Conclusions
From the context presented, it is possible to grasp the challenges ahead considering pharmacological adenosine receptor modulation. In face of such challenges, adenosine production competent cells-namely, Tregs and MSCs-may arise as the optimal answer to address adenosine-based therapy demands.
It is our opinion that Tregs and MSCs may be the most effective and specific strategy to effectively and safely control adenosine signaling pathways, in order to explore this mechanism in its fullest potential. The infusion of self-regulating cells renders possible to specifically produce adenosine at affected sites only, in controlled concentrations and periods, preventing off-target effects and guaranteeing therapeutic efficacy. Taken together, cell therapy for immune-related conditions may be the best token in adenosine's clinical translation.
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